An electrical conductivity-sensitive liquid level transducer (LLT) 
Introduction
Various water reactor safety programs conducted at the Idaho National Engineering Laboratory (INEL) over the years have required the development of special purpose instruments not available from commercial sources. These instruments are typically used to acquire data on transient, two phase fluid behavior in experiments which begin at steady-state PWR conditions. The LLT is such an instrument.
The sensing element or electrode is shown in Figure 1 . Up to 20 electrodes are assembled into LLT's of various lengths, depending upon range and resolution requi rements. The LIlT Electrode voltage, which is low when water is present (high conductivity) and high when water is absent (low conductivity). In practice, a 100 to 200iA, 1OHz square-wave, constant-current source is placed between each center pin and the ground plane formed by the shell and the cage of conductors around it. A 5 msec sample of the voltage across each electrode is taken every 100 msec, and a pulse-amplitude modulated (PAM) train of voltage pulses is outputted for further processing and formatting. These pulses may assume any voltage from about 0.2 to 10 volts. Since in most applications to date the desired output is binary, i.e., either "wet" or "dry", a wet/dry decision must be made on each pulse by amplitude discrimination circuitry. Other variables like temperature and water chemistry affect the output, and must be taken into consideration.
Description Electrode
The sensing element of the LLT, commonly called the "probe" or "electrode", is fabricated to specification by Gulton S.C.D., a division of Gulton Industries Inc., Costa Mesa, CA. The ceramic material is composed mostly of barium carbonate, silicon dioxide, and bismuth trioxide, with some half dozen other components including several metallic dioxides. Gulton calls it "Durock 199", and retains the details of its exact composition as proprietary information. This material is fined, hot-press formed, and assembled into the configuration of Figure 1 , which is then fired, cooled, and helium leak tested. (1) The principle of operation is simply to pass a current through the medium between the center pin of each electrode and its shell, and to sense the resulting where n is the resistivity of the conducting medium and r is the radius. n for air is essentially infinite, so RL in air is at maximum, and is high in steam. In pure distilled water n is 1 or 2 megohm-cm, giving an RL of U.S. Government work not protected by U.S. copyright about 140 KQ, a higher-than-normal value for the LLT, but still easily distinguishable from the resistance sensed in air or steam.
Theoretical Model
The equivalent circuit of the detector is shown in Figure 4 . Rl, the current source output impedance, is primarily resistive and several megohms in magni- Figure 6 is made for each electrode, and is used to manually set voltage discriminator levels. Manual set has been necessary as the best means to account for noise and the local effects described above. The discriminator is typically set at -15% of full scale voltage for a wet-to-dry transition, and at -85% for a dry-to-wet. LLT among the 12 foot electrically heated pins, arrayed 10 x 10, which comprised the "core". The tests basically consisted of heating the core up to some predetermined temperature, then injecting water at 150°F into a downcomer leading to the bottom of the core. The heater pins were instrumented with thermocouples, and reflood commenced when the hottest pin clad reached 1,100°F. Level information was obtained during reflood and refill on thermocouples and on differential pressure transducers as well as on the LLT's, and very close agreement was observed. In later FLECHT-SET tests, motion pictures were taken of the reflood behavior, providing quantitative comparison of LLT performance with visual observation.6 The LLT accurately indicated the oscillatory behavior seen in the films.
There were no electrode failures during this testing, indicating their durability in excursions to over 900°F with rapid quenching in a boiling environment.
Additional early experience was gained with a seven electrode LLT installed in the lower plenum of the Semiscale non-nuclear test facility at the INEL, to obtain performance data under conditions of rapid system decompression ("blowdown"), emergency core coolant injection, and reflood conditions.7 Nominal initial conditions for these tests typically were 2,250 psi water pressure and 577°F vessel inlet water temperature. Response time has not been observed to change as the seal deteriorates or corrodes, but a dry electrode with a corroded seal will have a lower Rs than will a good seal. If Rs became small enough to approach the RL of a wetted electrode, the transition back to dry would not be detectable. This failure has not been observed in operation to date, but is credible. The corrosion observed during the environmental testing described above was found to occur mostly during the first 400 hours of exposure, and thereafter the rate was imperceptible.
Accuracy
The accuracy with which a liquid level may be determined is limited by the electrode spacing. The effect of dimensional imperfections such as mounting tolerances are completely negligible by comparison. In an LLT with equally spaced electrodes a distance d apart, the level between a wet and a dry electrode is known at worst to within + d/2. Measurement uncertainty analysis shows that all other level error contributions within the measurement system combined do not exceed 10% of the contribution from electrode spacing. Then
This applies when a level exists, but does not hold for a turbulent, boiling interface.
Compl ications
Time Response Figure 6 shows a discontinuity in the leading edge of the wet-to-dry transition which lasts for some 20 seconds. Such behavior has been observed in perhaps half of all electrodes used in LOFT, and although surface microcracking or bridging of the seal by water are possible explanations, the cause is not really known. Microcracks could have water driven into them after long times at high pressure, resulting in low seal resistance until dry-out occurs. This is plausible because the delay is rarely seen in low-pressure applications. The dryout has been observed to be as long as several minutes, in which case the response is clearly anomalous by comparison with adjacent electrodes and with other LLT's.
Conductivity Changes
Changes due to chemistry and temperature have been discussed, but other mechanisms have been observed or postulated which can affect local conductivity within the R volume. One is a sudden change due to injecting reflood water of different chemistry or temperature, or the return to solution of chemicals which had plated out or deposited on internal structures. Sudden pressure drops might allow compressed dissolved gases to expand into bubbles, increasing the local void fraction at an electrode. It is conceivable that the number of charge carriers in the RL volume might be increased by steam-to-metal friction or by radiation effects, thus artificially enhancing conductivity. And dimensional imperfections in an electrode, in particular the eccentricity or axial misalignment of the center pin, can cause non-uniform responses.
Splash Shields
An LLT is usually surrounded by a tubular structure (not shown in Figure 2) For use in a commercial PWR, in-situ verification would be essential. An approach would be to systematically look for seal deterioration by displaying and photographing the PAM train from each LLT periodically, and looking for changes. Aging appears as a loss of flatness of the sample waveform. This effect could be made much more visible by sampling earlier than 40 msec into the excitation pulse. Circuit modifications could easily shift the sample point back to 10 2. Differentiate the voltage change-overthe 0.2second interval between every other sample point for thewhole data set. Plotted, these would be positive or negative spikes, or zeros.
3. Scan the differentiated data set, compute the average of the 50 largest positive spikes and of the 50 largest negative spikes.
4. Scan the data set again, compare each differential to the average of the same polarity, eliminate any that differ by > 3a.
5. Set thresholds across the data set of ± 35% of the averages.
6. Scan the differential data remaining outside the t 35% band, and assign binary state"0" (wet) for every point until the first positive spike. Then change state to "1" (dry), and remain at 1 until the first negative spike, at which return to 0, and so on through the data set.
7. Compute a moving average of the binary state of 25 adjacent points, increment one sample interval, compute the next average, increment, and so on through the data set.
8. Plot the averages as void fraction from 0% to 100%, and add threshold levels at 20% and 80% across the data set.
9. Construct a "bubble plot" by printing "X" for points from 0% to 20% (wet), "O" for points between 20% and 80%, and "no symbol" for points from 80% to 100% (dry), for each electrode in an LLT. The result looks like Figure 7B , which differs from Figure 7A in that it shows a "O" for ambiguous (and possibly multivalued) void fractions which are neither wet nor dry. 
Concl us ions
The LLT is a durable and reliable instrument for obtaining level information in PWR transient test conditions. It is clear that the environmental testing and accumulated operating experience to date are inadequate to qualify the LLT for use in a commercial nuclear plant primary system, and this was never an objective. But it now looks technically feasible to develop and fabricate a unit that could be so qualified, at least for some locations. The evidence is insufficient to conclude that the technology is in hand to build one that could survive in or near a commercial plant core, but one capable of functioning inside an operating pressurizer for some 9,000 hours (i.e., assuming replaceability during normal refuel.ing downtimes) appears to be achievable.
